The aim of this study was to identify the main classes of secondary metabolites present in the root and shoot crude extracts and fractions from the forage grass Urochloa humidicola (Rendle) Morrone & Zuloaga and to evaluate the allelopathic effect of these metabolites on forage legumes for intercropping. Phytochemical prospecting analyses, 1 H NMR and capillary electrophoresis were performed on extracts of U. humidicola. Allelopathic activity was evaluated in germination of Stylosanthes, Macrotyloma axillare and Lactuca sativa L. (standard) in the presence of crude extracts, isolated saponins, flavonoids and trans-cinnamic acid. The metabolite classes present in the extracts could be determined by the combined use of the tested analytical techniques, but their use alone was usually not sufficient to chemically characterize the species. Capillary electrophoresis was effective in detecting phenolic compounds. Macrotyloma axillare was tolerant to crude extracts of U. humidicola.
Introduction
Cattle milk and meat production systems in Brazil are almost exclusively based on native and cultivated pastures, which are the main source of animal feed [1] , mostly due to their low production costs [2] . African grasses of the genus Brachiaria, recently renamed Urochloa [1] , predominate in these pastures, occupying millions of hectares, especially in Central Brazil [3] . Urochloa humidicola (Rendle) Morrone & Zuloaga is one of these grasses. It is widely used in areas with poorly drained and acidic soils, fire incidence, spittlebug attacks, and especially low nutrient availability, and it plays an important ecological role within pasture systems [4] .
Despite its advantages, U. humidicola has low nutritional quality, with its crude protein (CP) concentration being especially low. To increase the CP concentration, an alternative to chemical fertilizer application is intercropping with forage species of the Fabaceae family. However, some obstacles to intercropping remain particularly the slow establishment and low persistence of legumes in tropical pastures grasses. This is usually due to the morphological and physiological differences between grasses (C 4 ) and legumes (C 3 ), considering competition factors, as well as different growth rates [5] .
Allelopathy is a phenomenon in which a plant (donor) may interfere, positively or negatively, with the germination and development of another plant (target) through the release of secondary or special metabolites (allelochemicals) [6] [7] .
Knowledge about allelopathic effects between forage species is therefore important for adequate pasture management [8] being able to indicate legume species that are more tolerant to grass allelochemicals. Phenolic compounds [9] , have being known to have allelopathic activity [10] .
Although studies confirmed that U. humidicola, as well as other Brachiaria species, has allelopathic activity [11] [12] , few reports exist of their effects on the tropical forage legumes used in mixed pastures. The aim of the present study was to evaluate the allelopathic effect of U. humidicola on the germination of Lactuca sativa L. (used as a standard for sensitivity) and the legumes Macrotyloma axillare and Stylosanthes ssp., both recommended for mixing with forage grasses, and to perform a phytochemical characterization of the shoot and root crude extracts of U. humidicola using phytochemical prospecting techniques, 1 H NMR and capillary electrophoresis.
Materials and Methods

Plant Material Collection and Processing
Shoots (S) and roots (R) of U. humidicola (donor plant) were collected in a pasture established for more than 25 years on Haplic Planosol in the Animal Sciences experimental area of the Federal Rural University of Rio de Janeiro (Universidade Federal Rural do Rio de Janeiro, UFRRJ), located in Seropédica, Rio de Janeiro, Brazil. Shoots (leaves and stems) were cut 0.05 m above ground level. At the sampling date, U. humidicola was in the vegetative stage. Roots were collected by direct digging, which was facilitated by the sandy-texture of the soil surface layer. Root samples were washed to remove adhered soil, according to [13] . All samplings were performed in the morning (07:00 a.m. local time), being the plant material sheltered in an isothermal box. In the laboratory the plant material was dried in a forced air oven for 72 hours at 45˚C and ground into 1-mm particles (dust) using a Wiley mill. The samples were then subjected to exhaustive, successive and cold extraction, with solvents of increasing polarity. The first solvent was hexane (H), followed by methanol (M), methanol:water (7:3) (MW) and pure water (W). Each solvent remained in contact with the processed plant material for 7 days in glass containers. The process was repeated six times, until the material was exhausted. The solutions obtained were filtered by simple filtration, and the filtrates were concentrated by low pressure distillation using a rotary evaporator. The concentrates were placed in an Abderhalden drying pistol or forced air oven at 30˚C for complete drying and solvent removal. The resulting extracts are represented by the acronyms BHSH, BHSM, BHSMW, BHSW, BHRH, BHRM, BHRMW and BHRW, where the letters are defined as follows: BH (U. humidicola), R (root), S (shoot), H (hexane), M (methanol), MW (methanol and water) and W (water).
Fractionation of Crude Shoot Extracts
The crude extracts were obtained, and the methanol shoot (BHSM) and root (BHRM) extracts were fractionated. Crude extract fractionation was performed by liquid-liquid partitioning in a separation funnel. Methanol extracts were solubilized in methanol: water (7:3) and fractionated using solvents of decreasing polarity: hexane (H), dichloromethane (D), ethyl acetate (A) and butanol (B).
The filtrate was collected and concentrated by vacuum distillation using a rotary evaporator.
Analytical Methods
Urochloa humidicola crude extracts were subjected to a series of chemical characterization reactions for the identification of different classes of secondary metabolites [14] : organic acids, reducing sugars, alkaloids, catechins, depside and depsidone, steroids and triterpenoids, flavonoids, cardiac glycosides, cyanogenicheterosides, quinones, saccharides, saponins, anthraquinones, tannins, sesquiterpenes and other lactones. Caffeic acid and sitosterol were used as standards for confirmation of the presence of cinnamic acid and steroid derivatives. Urochloa humidicola crude extracts were analysed by capillary electrophoresis (CE) using a protocol for phenolic compounds [15] . The compounds were identified by comparing migration times and the UV/Vis spectra of sample peaks with appropriate standards. A standard mix containing five phenolic acids was used (caffeic, ferulic, o-benzoic, vanillic and chlorogenic acid) to confirm the compounds presence and identity. The analyses were performed using an MDQ CE system (Beckman Coulter, USA) equipped with a UV spectrophotometric detector and connected to a data-acquisition system. The detection wavelength was 214 nm. Separations were performed using a fused-silica capillary (Polymicro Technologies, Phoenix, AZ, USA), with a 75 µm internal diameter and a 60 cm total length and 52 cm effective length, at 25˚C temperature. The samples and standards were injected by hydrodynamic injection (0.5 psi/5 s). The applied voltage was 20 kV, and the running electrolyte was 20 mM sodium phosphate buffer, pH 6.7. Sodium phosphate stock solutions (100 mM) were prepared in deionized water and refrigerated. The samples had been previously freeze dried and were dissolved in 5 mL of 95% ethanol. The resulting solutions were sonicated for 30 min, 5 mL of water was added (5 mg/mL), and the samples were filtered using a 0.22-µm filter (Millex) in Falcon tubes and refrigerated. Before analysis, the samples were diluted in ethanol (1:1).
Allelopathic Activity Bioassay
The allelopathic activity of U. humidicola was assessed in the laboratory by evaluating its ability to inhibit or stimulate seed germination of target species in germination assays [16] . Lactuca sativa L. (lettuce), which is sensitive to secondary metabolites and commonly used as an indicator of allelopathic activity, was used as a target species [17] . The forage species tested were the tropical legumes Experiments were performed to evaluate the effect of the crude extracts of U. humidicola on germination of the tested legumes and L. sativa, and M. axillare was found to be the target species most tolerant to the crude extracts. Macrotyloma axillare and the standard species (L. sativa) were then subjected to solutions containing the following: 1) Flavonoid mix (FM), which contained the flavonoids quercetin, rutin, kaempferol and kaempferol-3-α-rhamnoside; flavonoid mix (FM) + trans-cinnamic acid (TCA); and pure trans-cinnamic acid TCA, at 2.5 mg•L −1 each. 2) Saponin (S1), isolated from fraction 26 of BHRM-A (117 -119); saponin (S2), isolated from fraction 26 of BHRM-A (120 -124); and pure hesperidin (flavonoid).
These solutions were tested indirectly to detect antagonisms or synergisms between the substances present in the U. humidicola extracts with an effect on the target species [18] . Hesperidin and the remaining flavonoids were tested because they presented similarities to the flavonoid isolated from root extracts of U. humidicola.
All tested substances were selected based on the detection of similar compounds in extracts of U. humidicola or based on previous reports.
Two saponin mixes were isolated from fraction 26, obtained by fractionation in ethyl acetate of the root methanolic extract: one from sub-fractions 117 -119 (S1) and one from sub-fractions 120 -124 (S2).
Seeds from the target species were selected and sterilized in 1% sodium hypochlorite. Seeds requiring dormancy breaking were treated as recommended by the Rules for Seed Analysis (Regra para Análise de Sementes-RAS).
Tests were performed using crude extract solutions at 1% [10] and standard solutions at 5 mg•L −1 [15] .
All extracts were dissolved in distilled and deionized water, except for the hexane extracts, which were eluted with the same amount of dichloromethane, and for this reason, a control was used for this solvent. A control with application of pure water was established for each species for comparison of the germination response. Tests on the extracts in dichloromethane were performed in glass Petri dishes (9 cm diameter), and tests on the extracts in water were performed in transparent plastic Gerbox boxes (11 × 11 × 3 cm).
Three sheets of sterilized (120˚C) Whatman number 6 filter paper were placed in each container. Five millilitres of solution was added to each Gerbox and 3 mL to the Petri dishes. Twenty-five seeds were then placed in each container, per replicate and species. For extracts in dichloromethane, the seeds were placed after the solvent had evaporated. Four replicates were set for each treatment. Four replicates for each treatment were placed in a plastic bag in a germination chamber (BOD) for a period dependent on the target species. Germination time, temperature and photoperiod for each species were established as previously described [11] .
Germination in response to crude extract application was analysed by counting the normal seedlings at two different times, chosen depending on the target plant. After being counted, the normal seedlings were removed from the containers, and the data were expressed in percent form [11] .
Statistical Analysis
Germination data were expressed as a percentage (%) and arcsen (√%/100)-transformed to meet the normality assumption. After being processed, the data were analyzed using statistical procedures from SAS (Statistical Analysis System; [19] . Analysis of variance (ANOVA) was performed using GLM PROC.
Means were compared using the Tukey test (5%). A completely randomized experimental design was used, with four replicates.
Results
In the present study, phytochemical prospecting analyses were combined with 1 H NMR, a physical method of organic analysis, to confirm or negate the presence of classes of secondary metabolites detected chemically. In addition, capillary electrophoresis (CE) was used to determine phenolic acids.
Phytochemical prospecting of shoot (S) and root (R) crude extracts (Table 1) provided an overview of the chemical profile of the different plant parts of U. humidicola.
Although, in some cases, prospecting indicates the absence of certain metabolites, this does not mean that these metabolites cannot be detected by other analytical techniques. An example of this is alkaloids, which were detected with lower intensity than the remaining compounds. Flavonoids were not detected via phytochemical prospecting, but indications of their presence in extracts BHSMW and BHSW were detected using 1 H NMR. The use of NMR was therefore essential, not only for structural determination but also to complement the prospecting methods (Table 1) . Following fractionation of the shoot extracts of U. humidicola, a glycosylated flavonoid, which was mixed with some impurities, was identified by 1 H NMR spectral analysis of the ethyl acetate fraction (Figure 1(a) and Figure 1(c) ).
Phytochemical prospecting revealed a low presence of alkaloids in the root extracts, namely, in the methanol extract. The presence of organic acids was confirmed in the roots in the hexane, methanol and methanol-water extracts ( Table 1) .
The presence of steroids in the crude hexane extracts was confirmed by the two techniques, both in the shoots and roots, except for BHSW, BHRMW and BHRW ( Table 1 ). Sitosterol and stigmasterol were identified in BHRH ( Figure   1 The presence of cinnamic acids and their derivatives was not accurately confirmed by phytochemical prospecting and NMR but was detected by capillary electrophoresis (CE). The analyses of the phenolic acid standards mix and crude shoot extract of U. humidicola are presented in Figure 3 . The presence of phenolic acids in BHSM was confirmed, presenting intense signals.
The analyses of ethyl acetate, hexane and butanol shoot extracts are shown in Figure 4 (a). Phenolic compounds were detected in the ethyl acetate fraction but not in the butanol and hexane fractions (BHSM-B and BHSM-H). Despite the low cinnamic acid concentration in the butanol fraction, flavonoids were detected by phytochemical prospecting and confirmed by NMR (Figure 4(b) ).
The evaluation of the allelopathic effects of crude shoot extracts of U. humidicola on target plant species is presented in Figure 5 . All extracts inhibited the germination of L. sativa, (p < 0.05) ( Figure 5(a) ), indicating the presence of bioactive substances in crude shoot extracts of U. humidicola. Lactuca sativa is used as a standard target species in allelopathic tests. Also for L. sativa, significant differences (p < 0.05) were observed between all treatments with extract application, except for BHSM and BHSMW. This was likely due to the similar classes of metabolites present in these two extracts, which can be observed in the phytochemical prospecting results ( Table 1) . Extract BHSW had a high inhibitory effect on L. sativa germination, resulting in complete inhibition of germination (100%). For the target legume Stylosanthes ssp., significant differences (p < 0.05) were observed between the extracts and the respective control treatments but not between the different extracts (p > 0.05; Figure 5 BHSH had the least negative effect on the germination of L. sativa and no effect on the germination of M. axillare, whereas BHRH caused 100% inhibition of L. sativa and Stylosanthes, with no significant differences between M. axillare and the respective control. These results led to the investigation of the presence of cinnamic acids in BHSH and BHRH ( Figure 6) .
In contrast to that observed for crude shoot extracts ( Figure 5 ), the inhibition of L. sativa germination decreased pronouncedly with increasing polarity of the root extracts (Figure 7(a) ). Allelochemicals seem to predominate in these extracts, especially in the hexane and methanol fractions. Based on the observed effects of the crude extracts and fractions of U. humidicola, assays were performed using pure substances indicated as allelopathic and substances belonging to the chemical groups detected in the samples: 1) trans-cinnamic acid (TCA), a phenolic compound; 2) a mix of four flavonoids (rutin, kaempferol, kaempferol 3-α-rhamnoside and quercetin; FM); and 3) FM + TCA. These substances were chosen because of the large amount of information on the biological activity of phenols and flavonoids and because this group of compounds was confirmed to be present in some of the extracts evaluated.
The results of the germination of L. sativa and the forage legume M. axillare in response to the application of the described solutions are presented in Figure 8 . Although the isolation of secondary metabolites of U. humidicola was not the focus of the present study, concurrent studies were performed with this focus.
Following fractionation of the methanol shoot extract with ethyl acetate (BHRM-A), a mix of saponins was isolated. The flavonoid hesperidin was also tested for comparison with the responses to S1 and S2 (saponin mixes). L. sativa and M. axillare were used in these tests (Figure 9 ). For L. sativa, significant differences (p < 0.05) were observed between the treatments and respective control. No significant differences (p > 0.05) were observed between the treatments with saponins, which resulted in the highest germination inhibitions, confirming their phytotoxic effect on these two plant species. Although less pronounced than observed for saponins, hesperidin also had a negative effect on the germination of lettuce seeds. M. axillare responses to the saponin mixes were very similar to those observed for L. sativa, but hesperidin resulted in similar responses to those observed for the flavonoid mix, not being significantly different from the respective controls (p > 0.05) (Figure 8 ).
Both the HA and SNP treatments resulted in increased root GS activity compared to the control, increasing it by approximately 40% (Figure 2(b) ). Five days after the beginning of the experiment, GS activity was higher for the low than for the high 3 N NO − − supply.
Discussion
Special metabolites have been previously isolated and identified for U. humidicola [12] . However, only one previous report was found that aimed at isolating, identifying and characterizing the allelopathic effect of chemical substances produced by U. humidicola [10] . In that study, p-coumaric acid was isolated from methanol-water crude extracts, identified by ¹H and ¹³C NMR spectral analysis, and observed to have an allelopathic effect on weeds that cause damages to livestock farming. p-coumaric acid is a derivative of cinnamic acid, and no specific tests exist for the detection of these acids within phytochemical prospecting. However, they are organic acids and are detected as part of this class of metabolites. Because minor components may not be detected by 1 H and ¹³C NMR, and chromatographic analysis is more sensitive and able to detect minor components, a microanalytical method was used (capillary electrophoresis) for the identification of phenolic acids. Phenolic, cinnamic, and benzoic acids and their derivatives were selected based on their importance in the literature and relevance in allelopathystudies [7] [20] [21] .
The phenolic acids used as standards in the CE protocol for the detection of phenolic compounds were chosen based on reports of their participation in allelopathic phenomena [15] . (Table 1 ). CE resulted in a similar detection of organic acids (prospecting) and phenol standards (cinnamic acids; CA). Because organic acids were more detected in shoots, especially in BHSM, and previous reports showed that allelochemicals are usually isolated from leaves [22] , the fractions of the crude shoot extracts of U. humidicola were also subjected to CE.
Although it was not detected by phytochemical prospecting and was only detected in BHSMW and BHSW by NMR, a flavonoid was isolated from fraction BHSM-A (Figure 1(a) ). The low detection of this flavonoid was probably due to its low concentration in the analyzed sample.
In phytochemical prospecting for the detection of organic acids in shoot frac- contrast to cinnamic acids, and supports the joint use of these techniques whenever possible. However, biological activity must also be considered, which, in this case, is associated with inhibition of germination.
The strong inhibition of L. sativa germination observed in response to extract BHSW agreed with previous reports, showing that water extracts may have high allelopathic potential, especially if they contain soluble phenolic acids [16] . Agreeing with this information, the CE electropherogram (BHSW) revealed the presence of phenolic compounds, although little pronounced (Figure 3 ), which may explain the inhibition of lettuce germination by these extracts. In addition to phenols, a saponin mix with at least three components, including gitogenin derivatives, was identified in the roots of U. humidicola by 1 H NMR spectral analysis and comparison with published data of saponin from Balanitesaegyptica (Pettit et al. 1991), Figure 2 . The presence of these compounds has several implications, such as animal toxicity, which has been associated previously with the presence of a saprophytic fungus (Pithomyceschartarum) in species of the genus Urochloa and is currently attributed to the presence of saponins in the leaves of Brachiaria species [23] [24] [25] . With special relevance for the present study, saponins also have allelopathicaction [26] . Thiswas indicated by the negative effects of the saponins isolated from the root extracts of U. humidicola on the germination of L. sativa and M. axillare compared to the control ( Figure 9 ). Terpenes are the largest class of secondary metabolites and include many volatile compounds with biological activity. In the present study, terpeneswere detected in extracts with high rates of germination inhibition. Steroids and triterpenes were detected in BHSH and BHRH, with high intensity in both phytochemical prospecting and NMR (Table 1) , and sitosterol and stigmasterol were identified in BHRH (Figure 1(b) ). [27] attributed inhibitory effects on the germination of Vignaunguiculata to stigmasterol, β-sitosterol and the triterpenelupeol, isolated from shoots of Justiciaanselliana. This is in contrast with the present study, where the lowest inhibitory effect on L. sativa germination and no effect on M. axillare were observed for the germination assay with BHFH ( Figure 5(a) and Figure 5(c) ). This finding agrees with that of [28] . In contrast, BHRH resulted in 100% germination inhibition for both L. sativa and Stylosanthes (Figure 7 (a) and Figure 7(b) ). [11] also observed an inhibitory effect of U. humidicola hydrolate and decoction water on three tropical legume species and reported that substances such as terpenes may be related to allelopathic activity. A possible explanation for this is that not all terpenes and steroids have inhibitory effects on germination and may even have synergistic effects, depending on the mix. A quite interesting response was observed for the treatment with both FM and TCA (FM + TCA). In this treatment, intermediate percentages of germination significantly lower than the control were observed, indicating antagonism between the two substances ( Figure 8 ). The biological activity of a given mix of allelochemicals is due not only to the concentration of each of its components but also to the interaction between them [16] . The germination response was similar for the control and the flavonoid treatments. For M. axillare, germination rates typically associated with antagonism and synergism were observed in response to the application of solutions containing flavonoids and cinnamic acids, alone or in combination.
In the present case, the flavonoid mix functioned as an "anti-allelochemical" because the flavonoid mix resulted in a similar response to the control and was used at the same concentration as TCA. This trend in plant response may have different interpretations and implications for different areas of research. Among other functions, flavonoids are known to be involved in cell protection and preservation [29] . The present results indicate that flavonoids may favor germination or decrease the phytotoxic effects of TCA. However, further studies of their role in antioxidant defense mechanisms against allelochemicals are needed, as they may act as both antioxidants and pro-oxidants [30] .
The positive response of L. sativa and M. axillare germination to flavonoids suggests that plant improvement studies should prioritize the selection of grasses with higher flavonoid biosynthesis, as this process uses cinnamic derivatives, which include the main secondary metabolites of U. humidicola identified as possessing allelopathic activity.
Conclusions
The combined use of physical methods such as 1 H NMR and phytochemical prospecting enabled confirmation of the presence of certain metabolites. Capillary electrophoresis was observed to be a better technique for the identification of phenolic compounds in crude extracts than phytochemical prospecting and NMR.
Saponins isolated from root extracts of U. humidicola presented high germination inhibition capacity. The most sensitive legume to crude shoot and root extracts of U. humidicola was Stylosanthes spp., and the most tolerant was M. axillare.
Flavonoids may be associated with protection mechanisms against allelochemicals in U. humidicola. Studies of intercropping improvement and compatibility may consider the use of forages with higher capacity for flavonoid biosynthesis, as this process uses cinnamic derivatives.
